Piezoelectric materials can be used for structural actuation and sensing. Compensation schemes for local control using such actuators and sensors are investigated. It is found that increasing the rolloff of the dereverberated transfer function by shaping the actuator and sensor improves control design. However, experimental data shows little rolloff; this is attributed to unmodelled dynamics.
INTRODUCTION
The increasing demand for high performance structures has led to detailed investigation at all levels of controlled structures technologies. Structural control is a particularly difficult problem; the modally rich, lightly damped structural response presents a difficult control problem because of parametric uncertainty. Although the first few modes of structures can often be reasonably well modelled, it is difficult to robustly control higher frequency modes.
Local controllers address this problem in two separate manners. First, simple compensators can provide low but robust performance. Second, when more performance is required, local controllers can help to robustify the plant for higher level controllers. This work explores the design of local controllers using strain actuators and sensors, and the effect of shaping these actuators and sensors on the compensator design.
Objective
The objective of this work is twofold.
• To determine what compensation techniques are effective for local control.
• To determine what effect shaping the actuator and sensor will have on the local control scheme. 
Background
The design of high performance structures is a complicated process whereby several discrete choices must be made at an early stage in the design process.' Some of the possible choices are to redesign the plant; design input and output isolation at the disturbance and performance; and finally, to add active control. One option for active control is local control, which implies that the dereverberated transfer function does not have to be controlled. The objectives of local control can be split into two separate performance requirements. Firstly, when local control is all that is used, there may be a requirement for disturbance rejection in the control loop, which corresponds to reducing either the broadband or narrowband RMS of the transfer function from disturbance to performance. The second possible control objective is to robustify the control loop for higher level controllers. This control objective corresponds to increasing the damping of the modes. This decreases the magnitude of the resonant peaks in the control loop, as well as loops from other actuators to other sensors. This allows more for robust gain margins for higher level controllers.
Several attempts have been made to design compensators specifically for local control, such as electrical shunting,2 Positive Position Feedback,3 and 'H Power Flow,4 but little comparison has been made between them. This work addresses this need by applying the various control techniques to a consistent control model.
Piezoelectric ceramics operating in the transverse mode are an effective method for controlling structures.5 More recently, it has been demonstrated that weighting the piezoelectrics to create shaped actuators and sensors can modify the dereverberated transfer function to relieve spillover problems.67 The effect of this shaping on local control is a central issue in this work. This work is organized as follows: First, local control design issues will be discussed, presenting the control design plant, and examining performance, robustness and compensator order in the context of local control. A procedure for evaluating control design techniques is presented. A brief overview of seven compensation schemes is then included, after which the best designs for three different control scenarios-low modal density with a rectangular actuator and sensor, high modal density with a rectangular actuator and sensor, and high modal density with a triangular actuator and sensor-are presented. Finally, experimental data is taken from a plate with piezoceramic actuators and sensors. For the first two control scenarios (Sects. 3.1 and 3.2), the actuator and sensor pair have a rectangular shape. The transfer function from the actuator to the sensor is shown in Fig. 2 . Also shown is the dereverberated component, which is the transfer function with the reverberant component smoothed out. The dereverberated transfer function has a low frequency asymptote that is fiat, and a high frequency asymptote that rolls off at -10 dB/decade. The slope of the high frequency asymptote is a property of the weighting of the actuator and sensor. 7 For the third control scenario (Sect. 3.3), the actuator and sensor pair have the shape of a rhombus, so that there is a triangular weighting down the length of the beam. The transfer function and its dereverberated component are shown in Fig. 3 
Performance Metric
It is necessary to define a suitable performance metric for quantitative comparisons of compensator performance. The performance metric is bandlimited to a target bandwidth; the target bandwidth for the three control scenarios are shown in Figs. 2 and 3 . For the first control scenario, the target bandwidth is a decade wide and is chosen so that it contains three modes. The second and third control scenarios have a target bandwidth a decade wide containing ten modes within the bandwidth.
Because of the two different control objectives, two separate metrics are defined. The metric of disturbance rejection is a bandlimited ?12 performance. This metric is representative of the control objective and convenient to compute. In this work the disturbance rejection is normalized by the open loop performance,
where GOL(jw) and GC(jw) are transfer functions from the actuator to the sensor. The superscripts OL and CL denote open and closed loop respectively.
A metric which captures the degree of robustification of a higher level, yet to be defined controller, is harder to quantify. Some compensation schemes introduce lightly damped poles into the closed loop system. Although these may not be observable or controllable in the control loop, they may appear in other transfer functions.
A possible performance metric may then be to average the damping of all poles within the bandwidth of interest. However, this metric may be skewed by the presence of heavily damped or real poles introduced by the compensator which are not of relevance to the subsequent higher level control problem. A more reasonable metric is then to take the average damping of the most lightly damped poles of the closed loop in the target bandwidth. Let N be the number of pinat modes within the target bandwidth. The performance metric is then the average damping of the N most lightly damped closed loop modes. CL (2) i=rnin (CL
Robustness
Compensators must be robust to variations in plant parameters such as modal frequencies, damping, and residues. Frequency uncertainties in particular can have potentially performance degrading or destabilizing influences. The local compensators were tested for robustness by varying the frequencies of all the modes in the plant in unison. These frequency variations were correlated and of the same magnitude, ranging between -10% and +10%. Because the plant has lightly damped modes, a correlated frequency uncertainty is a reasonable test of robustness. Stability robustness was evaluated as the smallest change in frequency, A, that would destabilize the system. The performance robustness was qualitatively evaluated by examining the two performance measures as a function of frequency uncertainty.
Order
One important consideration in local control design is the order, which corresponds to the number of states in a state-space representation of the compensator. In analog compensators the number of states is roughly proportional to the number of active components-a single operational amplifier can represent either a single real pole or a complex pole pair when combined with the appropriate passive elements. Digital compensators are often limited by the rate at which the digital signal processors can process the discrete compensator representation. For a SISO system, the size of the discrete compensator representation is directly related to the number of compensator states. In either the analog or digital case, compensators are easier to implement if they are of lower order.
Design Methodology
A methodology was implemented so that a broad class of compensation schemes could be analyzed and compared with each other. Each compensator was designed for two different modal densities. In order for useful comparisons to be made, the compensators were designed so that the closed-loop controller effort, 1 Ju = urn _f u(t)2dt, (3) T-ooT was the same for each design. (For passive designs, the compensators were designed to give maximum performance.)
Once the compensator design was completed, the performance was evaluated using the two different metrics, as defined by Eqs. (1) and (2) . A reduction was performed on some of the larger order compensators to minimize the number of states. These compensators were reduced in order until a significant change in closed ioop performance or controller effort was observed. Finally the stability and performance robustnesses were evaluated.
Compensator Design Options
Seven different compensator design techniques were considered in this work. These can be categorized into passive, low order active, and high order active control. The first passive scheme is resistive shunting,2 or the resistor-capacitor ( RC) shunt. The electrodes of the piezoceramic are connected with a resistor. The vibration, or mechanical energy, is transformed into electrical energy by the piezoelectric, and is dissipated as heat by the resistor. The other passive scheme, resonant shunting,2 or the inductor-resistor-capacitor (LRC) shunt, improves on resistive shunting by placing an inductor in series with the resistor. This allows for increased energy dissipation at a localized frequency.
There are two low order active control schemes. 7L Power Flow4 is an optimal control design technique where the cost to be minimized is the 7 norm of the power flowing out of the plant, hence guaranteeing stability. This technique is particularly suitable for local control as a dereverberated model of the plant can be used. Positive Position Feedback3 (PPFB) utilizes a complex pole pair to control one complex mode. The feedback sign is inverted to so that the compensator pole pair attracts the plant pole pair into the left half plant, thus providing damping and hence performance.
Three high order active control schemes are also examined. Linear Quadratic Gaussian8 (LQG) is an optimal control design technique where the cost to be minimized is an 712 cost combination of weighted state measurements and control effort. LQG compensators are generally of large order, and are susceptible to plant uncertainty because perfect knowledge of the plant is assumed in the design process. Sensitzvitj Weighted LQG' (SWLQG) improves on LQG by sensitizing the compensator to uncertainties in the plant by modifying state penalties of the 7i2 cost. Although more robust than LQG, SWLQG compensators are also typically of large order. Both LQG and SWLQG compensators are typically reduced using a Guyan reduction technique. Classically Rationalized'0 combines LQG and SWLQG into a set of design rules that can be used to construct relatively simple compensators while combining the benefits of LQG and SWLQG.
CONTROL DESIGNS 3.1. Low Modal Density with Rectangular Actuator and Sensor Weighting
The first control scenario uses a collocated rectangular sensor and actuator pair at low modal density. The target bandwidth is selected so that there are three modes in within this frequency range (from wi = 15 rad to W2 = 150 rads'). The most effective compensation schemes for this scenario are the two passive schemes and the PPFB compensator.
The RC scheme was designed to maximize damping at approximately 60 rad s . The LRC scheme was designed to improve damping around the second mode within the target bandwidth. The performance improvements are shown in Fig. 4 . For the RC scheme the average damping, as defined in Eq. (1), of the target region is increased from 0.5% to 0.66%. The disturbance rejection as defined in Eq. (2) was improved by 1.0 dB. The resonant behavior of the LRC scheme resulted in significant performance improvement over that of the RC scheme. Average damping was improved to 1.45% and disturbance rejection to 2.25 dB.
As these two compensation schemes were passive, no frequency variation in the plant could destabilize the system; the system was robustly stable. The normalized closed loop, ir1, and the average damping, rr2, of the RC and LRC shunts are shown in Fig. 5 as the plant frequencies are varied from -10% to +10%. As the plots show, there was little change in either of the performance measures for the RC shunt as the plant frequencies were varied, so that this compensation scheme proved to be very performance robust. This performance robustness is due to the fact that the RC shunt provides a fairly broad band of performance that is not tuned to a specific mode.
For the LRC shunt the significant performance improvements over the RC shunt came at the cost of performance robustness. As is shown in Fig. 5 , there are much larger changes in ri and rr2 as the plant frequencies shift. This poorer performance robustness can be attributed to the fact that the LRC shunt is tuned to a specific mode. A further problem associated with the LRC shunt is the sensitivity of the system to nonlinearity in pezoelectrics, which is not modelled in this work but has been shown to limit performance."
The most effective active control technique was PPFB, as measured in terms of performance, robustness and model order. The compensator design is shown in Fig. 6 . The structure of this compensator is the sum of complex pole pairs-one for each mode to be controlled-which are fed back positively. Two complex pole pairs with a damping of 15% were placed near the frequency of the plant poles at 22.0 and 61.7 rad s . Because the mode at 121 rad s has a small residue in comparison to the other two target modes, too much control effort would have been required to control this mode. To minimize compensator order no pole pair was placed near this mode-the final compensator size was four states. An average damping of 2.4% and disturbance rejection of 2.15 dB was achieved as seen in Fig. 7 .
As expected, no effect was observed on the third mode in the target bandwidth at 121 rads'. Figure 8 shows that the disturbance rejection is fai:rly insensitive to variations in plant frequencies. Average damping decreased to 2% for frequency uncertainty. The compensator had 4 states. The plant remained stable for variations of at least These good robustness properties are a result of the fact that the compensator poles are fairly well damped and thus well into the left half of the s-plane.
Three other compensation schemes were evaluated at low modal density. These were LQG, SWLQG and Classically Rationalized control. These schemes had poorer robustness properties than the PPFB compensator. While generally achieving high levels of disturbance rejection, the SWLQG and LQG compensators tended to introduce lightly damped compensator poles. Furthermore, they were of too large an order to be considered effective controllers.
The scheme that was not evaluated for this control scenario was the 7L power flow scheme. This scheme was unsuitable because the dereverberated plant was approximately fiat within the target bandwidth.
Overall, for local control at low modal density, the PPFB compensator performed well, while being of small order, and having robust performance. For cases where low performance levels are required, passive schemes can also work effectively. The properties of all the compensator designs for this scenario are summarized in Tab. 1.
High Modal Density with Rectangular Actuator and Sensor Weighting
The target bandwidth used for the second control scenario was a decade wide and contained ten modes (from Wi = 220 rads' to w2 2200 rads'). The actuator and sensor are the same as in Sect. 3.1, having rectangular weighting.
The most effective compensation scheme for the control scenario was Classically Rationalized control. The design rules for Classically Rationalized control state that rate feedback must be applied to achieve the relatively low levels performance associated with local control. Notching may also be necessary to gain stabilize the system through rolloff. Because the dereverberated transfer function has a high frequency asymptote of only -10 dB/decade, an additional complex pole filter is required to roll off the compensator.
The compensator design is shown in Fig. 9 along with the plant and loop transfer functions. Rate feedback was applied through the target bandwidth. A complex pole pair for rolloff was set at 4000 rad s'with a damping of 45%, and notches had to be applied to modes at 3378, 4148, 6931 and 8017 rad s1for gain stabilization. The frequency of the rolloff traded off control effort for performance, and the depth of the notches traded off performance for robustness. The final compensator design had ten states, eight for the four notches and two for the rolloff.
The performance achieved was 2.8 dB disturbance rejection and 1.0% average damping. Several of the modes could not be controlled because of their small residues. The closed loop response is shown in Fig. 10 . The system destabilized for a -4.2% frequency perturbation (Fig. 11) . The instability occurs when the mode at second notch is not sufficiently gain stabilized. Additional robustness could have been attained with a decrease in performance.
Four other compensation schemes were examined for high modal density control. These compensators suffered either from being of large order and nonrobust (LQG, SWLQG), or they were unable to achieve significant performance (7L00 Power Flow, PPFB). Local control at high modal density with little rolloff proved to be more complicated than local control at low modal density. The rapidly increasing modal density within and above the target bandwidth created spillover problems. As a consequence, it proved difficult to obtain significant performance levels with any of the control schemes. The compensator designs are summarized in Tab. 2.
Note that the passive compensation schemes where not suitable for this control scenario. This was due to the fact the residues of the plant modes within the target bandwidth were too small for either of the passive schemes to have any significant effect.
High Modal Density with Triangular Actuator and Sensor Weighting
The final control scenario uses the same target bandwidth as that of Sect. 3.2, but the actuator and sensor have a triangular weighting. As previously noted, this weighting has been shown to provide additional rolloff to the plant transfer Both the classically rationalized compensator and the 7 power flow compensator performed well in this control scenario. The 'H power flow compensator design is shown in Fig. 12 , along with the plant and loop transfer functions. The compensator is designed so that the power flow is greatest through the target bandwidth.
Closed loop results are shown in Figure 13 . The compensator achieved 3.7 dB disturbance rejection and 1.3% average damping. This compensator design was simpler than the design for the actuator and sensor with rectangular weighting. This was due to the fact that the plant rolled off much faster (by 20 dB/decade) than the plant with the rectangular actuator and sensor pair, this avoiding spillover problems.
The performance was very insensitive to changes in plant frequencies. This was because the compensator was designed using the dereverberated plant. Because that plant and the compensator are both strictly positive real, no amount of frequency change could destabilize the closed loop system. These excellent robustness properties are illustrated in Figure 14 .
A total of five compensation schemes were evaluated for this control scenario. The additional rolloff observed with the shaped sensor and actuator simplified the local control problem greatly for most of the schemes (with the exception of the PPFB scheme). This is because the problem of spillover was virtually eliminated. The control designs for this scenario are summarized in Tab. 3. To summarize this section, LQG and SWLQG are consistently plagued by the fact that they are model-based compensators, and inherently of large order; on structural systems with light damping, they are highly susceptible to robustness problems. PPFB is an effective compensation scheme when the modal density is low, so that individual modes can be targeted for control. For high modal density control, where it is impractical to control individual modes, rolloff is critical. The 7-Power and the Classically Rationalized compensators work well when there is rolloff, as the spillover problem is virtually eliminated. 
TWO-DIMENSIONAL STRUCTURES
To determine the degree of rolloff when using strain actuators and sensors, a simple bending structure was constructed. This consisted of a flat plate clamped on one edge with two piezoceramic wafers bonded, one of top of each other, at the center of the plate. The actuator and sensor pair was in the shape of a rhombus, so that the weighting in both the principal bending directions would be triangular. Two transfer functions are shown in this section; one of an assumed modes model, and the other of actual data taken from a physical test article.
The assumed modes model used approximately 500 bending shape functions. This relatively large number of modes was necessary because of the rapidly increasing modal density. The transfer function obtained from this model is shown in Fig. 15 . It is immediately evident that there is little rolloff. There is approximately -20 dB/decade of rolloff, not the predicted -60 dB/decade for a triangularly weighted actuator and sensor pair. This is because the rhombus layout of the sensor provides a triangular weighting only in the two principal axes-down the length of the plate and across the width-not in all directions.
Transfer functions were taken from an actual test setup. A representative transfer function is shown in Fig. 16 . The frequencies of the first few modes correspond reasonably well to that of the assumed modes model. However, the data differs from the model in the pole-zero separation, and the high frequency rolloff. This can be explained in terms of impedance matching. The ideal actuator should exert only force (stress) , and the ideal sensor should only measure displacement (strain) . However, as evident from their constitutive relations, piezoelectrics actuate and sense a combination of both stress and strain. Since the actuator and sensor, to some extent, measure the same variable, there is a direct feedthrough term. This leads to decreased pole-zero separation and less rolloff. 
CONCLUSIONS
In conclusion, compensators for local control using a strain actuator and sensor have been designed effectively for two different control scenarios. Firstly, where the modes are well spaced (of low modal density) , so that control design techniques targeting specific modes can be used. Secondly, where there is significant rolloff so that compensators can be designed without knowing the model structure in detail. Passive techniques also work well where there is strong electromechanical coupling.
However, rolloff was not easily achieved using a strain actuator and sensor pair. Although long, slender beams can be treated as waveguides in analysis, this did not apply to real beams or even the plate, where chordwise bending drastically reduced the rolloff. Even if the chardwise bending is appropriately controlled, it seems likely that some combination of unmodelled modes and coupling effects will interfere with the rolloff. The direct feedthrough
term was yet another problem. Placing actuators and sensors on top of each other had both its advantages and disadvantages. While it minimized the flexibility between the actuator and sensor to improve collocation, it also limited the information that passed from the structure into the control loop. The compensator design examples in this work give a compelling argument to the need for a plant which rolls off effectively. Such a plant would greatly simplify local control, allowing greater performance, increased robustness, and smaller order for the same control effort.
